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The NNW trending tholeiitic Sonakhanmafic dyke swarm of the Northern Bastar Craton is comprised of basalt to
basaltic andesite (SiO2 = 46.3 wt% to 55.3 wt%; Mg# = 37 to 70) dykes. A single basaltic dyke yielded a
weighted-mean 207Pb/206Pb baddeleyite age of 1851.1 ± 2.6 Ma. The Sr and Nd isotopes (87Sr/86Sri = 0.70396
to 0.70855; εNd(t) =−5.7 to +2.0) are variable which is a consequence of crustal contamination. Trace element
modeling suggests the dykes were likely derived by partial melting of a spinel-bearing mantle source. The
Sonakhan dykes are 30 million years younger than the 1.88 Ga Bastar-Cuddapah dykes (Bastanar-Hampi
swarm) of the southern and central Bastar Craton indicating they represent a distinct period of magmatism.
However, much like the 1.88 Ga dykes, the Sonakhan dykes appear to be correlative with dykes from the Yilgarn
Craton (Yalgoo dyke = 1854 ± 5 Ma) of Western Australia. The temporal and compositional similarity of the
Sonakhandykeswith the Yalgoo dyke is evidence that they are petrologically related andmay represent different
branches of the same dyke swarm. The existence of two distinct Paleoproterozoic dyke swarms in the Bastar Cra-
ton that each have a correlative unit in the Yilgarn Craton is supportive of a link between India and Australia be-
fore 1.9 Ga. Moreover, it suggests that the break-up of India andWestern Australia was protracted and lasted for
at least 30 million years.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Mafic dyke swarms are important geological features that can con-
strain the timing of continental break-up, mantle plume activity, and
the paleolatitude of cratons that extend to the earliest Paleoproterozoic
(Goldberg, 2010; Halls, 1982; Yale and Carpenter, 1998). The Archean
crust of the Indian Shield has one of the highest concentrations of Pre-
cambrian mafic dyke swarms in the world (Murthy, 1995). However,
only a few of the dyke swarms have been dated using high precision
methods (Samal et al., 2019). Consequently, the correlation of dykes
across India and with other cratons is difficult as it is currently based
on bedrock cross-cutting relationships, mineralogy and geochemistry
(Samal et al., 2019; Srivastava and Gautam, 2015). The majority of the
dyke swarms across the Dharwar, Bastar and Singhbhum Cratons that
have been dated using high precision U-Pb methods on baddeleyite
(ZrO2) or zircon (ZrSiO4) yielded Paleoproterozoic (2.37 Ga to
1.89 Ga) ages but there is evidence that suggests there may be Meso-
to Neoproterozoic dykes as well (Belica et al., 2014; Das et al., 2011;
French et al., 2008; French and Heaman, 2010; Kumar et al., 2012;
Pradhan et al., 2012; Radhakrishna et al., 1999; Rao et al., 2005; Samal
et al., 2019; Shellnutt et al., 2018; Söderlund et al., 2018; Srivastava
et al., 2018). Therefore, identifying and characterizing the mafic dykes
of Peninsular India is pertinent for elucidating the extent of mafic
magmatism that affected the Indian Shield over time aswell as to clarify
the constituents of proposed Archean to Paleoproterozoic (Ur, Colum-
bia) and possibly younger (Rodinia) supercontinents (Mohanty,
2015a; Rogers and Santosh, 2004; Zhao et al., 2002).

There are at least three major Paleoproterozoic (2.5 Ga to 1.6 Ga)
mafic dyke swarms within the Archean Bastar Craton of east-central
India. The most well studied swarm is the Bastar-Cuddapah dyke
swarm (BCDS)which is also referred to as the Bastanar swarm and con-
sidered to be a member of the Bastanar-Hampi large igneous province
(French et al., 2008; Samal et al., 2019; Söderlund et al., 2018;
Srivastava and Gautam, 2015). The BCDS was emplaced at ~1.88 Ga
and extends across the Bastar and Dharwar Cratons and may have cor-
relative dykes in the Yilgarn Craton of Western Australia (Belica et al.,
2014; French et al., 2008; Liu et al., 2018; Shellnutt et al., 2018; Stark
et al., 2018). The dykes and sills are primarily tholeiitic and have a radial
orientation. Given the size, composition, and orientation, it is thought
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that the BCDS may be related to a mantle plume (Belica et al., 2014;
French et al., 2008; Samal et al., 2019; Shellnutt et al., 2018). The
NW trending boninite-norite (SiO2 ≥ 52 wt%; MgO N 8 wt%) dykes
of the ‘BN’ swarm were originally thought to be Neoarchean to
Paleoproterozoic but Liao et al. (2019) has demonstrated that the
boninitic dykes in the central Bastar Craton (Bhanupratappur) are
~2.37 Ga and correlative with dykes of the Bangalore-Karimnagar
swarm of the Dharwar Craton (Samal et al., 2019; Söderlund et al.,
2018; Srivastava and Gautam, 2015). The third Paleoproterozoic dyke
swarm has not been dated. The dykes of ‘BD1’ swarm, located in the
southern and central regions of the Bastar Craton, are tholeiitic with
low Ti-Fe-HFSE (high field strength elements) and high-Mg and are
interpreted, based on cross-cutting relationships, to be Meso- to
Neoarchean in age (Samal et al., 2019; Srivastava and Gautam, 2015).

In the northern Bastar Craton, located south of the Chhattisgarh
Basin (~100 km east of Raipur, Chhattisgarh) there is a series of NNW
trending dykes. The dykes cross-cut the Archean basement rocks of
the Bastar Craton (Baya gneiss) and the entire stratigraphy of the
Sonakhan greenstone belt (SGB). The geological relationships in the re-
gion suggest that the dykes are no older than Paleoproterozoic as the
SGB is considered to be Neoarchean in age (Manu Prasanth et al.,
2018). The dykes are 50 m to 200 m wide, have doleritic textures and
referred to as the Sonakhan dyke swarm (SDS) due to their spatial asso-
ciation with the SGB. Beyond the mineralogy and field relationships,
very little is known about the SDS and they have not been correlated
with any other dyke swarm of the Bastar Craton as its orientation is
unique. Consequently, there are three possible geological scenarios for
the SDS: 1) they are related to one of the three main Paleoproterozoic
dyke swarms (Bangalore-Karimnagar, Bastanar, or BD1) of the Bastar
Craton (Srivastava and Gautam, 2015), 2) they are a continuation of
the subduction-related Paleo- to Neoproterozoic Newer Dolerites of
the neighbouring Singhbhum Craton (Sengupta and Ray, 2012;
Shankar et al., 2014), or 3) they are unrelated to any other known
dyke swarm in Peninsular India. Thus, the characterization of the SDS
may have significant implications for the post-cratonic evolution of
the Indian Shield.

In this paper, we present a new high precision baddeleyite ID-TIMS
(isotope dilution thermal ionization mass spectrometry) U-Pb age,
whole rock geochemical data and Sr-Nd isotopes on a suite of dykes
that cross-cut the Sonakhan greenstone belt and Archean basement
rocks of the northern Bastar Craton of East-Central India. Our purpose
is to constrain the petrogenetic evolution of the dykes and correlate
them to other dyke swarms of the Bastar Craton and the Indian Shield.
Moreover, we test hypotheses concerning the spatial and temporal rela-
tionship between the Bastar/Dharwar Cratons of India and the Yilgarn
Craton of Western Australia during the Paleoproterozoic (Liu et al.,
2018; Mohanty, 2012; Shellnutt et al., 2018; Söderlund et al., 2018;
Stark et al., 2018).

2. Geological background

The Indian subcontinent preserves signatures of crustal recycling
and juvenile additions during rifting–subduction–accretion and colli-
sion throughout geological time. Peninsular India is composedof several
Archean cratonic nuclei which are linked together by Neoarchean
and Paleoproterozoic orogenic belts (Naqvi and Rogers, 1987;
Ramakrishnan andVaidyanadhan, 2010; Santosh, 2012). Recent geolog-
ical, geochronological and tectono-magmatic studies from the major
cratons and intervening suture zones shows that this region is com-
prised of continental fragments that belonged to ancient and modern
(e.g. Ur, Columbia, Rodinia, Gondwana) supercontinents (Rogers and
Santosh, 2004). The ENE–WSW trending Central Indian Tectonic Zone,
divides the Indian peninsula into northern and southern crustal blocks
(Radhakrishna and Naqvi, 1986). The southern crustal blocks are com-
posed of several Archean cratonic domains such as the Dharwar, Bastar,
and Singhbhum, whereas the northern crustal block contains the
Bundelkhand craton (Fig. 1a). The Dharwar, Bastar and Singhbhum cra-
tons are juxtaposed along the NW-SE trending Pranihita Godavari and
Mahanadi rift basins.

Being an important cratonic nucleus of the Peninsular Indian shield,
the Bastar Craton occupies the key position in Central India (Sharma,
2009). It is bounded by the Central Indian Tectonic Zone in the north-
west, Mahanadi Rift in the north-east, the Eastern Ghats mobile belt in
the east to south-east and the Godavari Graben in the south-west
(Meert et al., 2010). The Bastar Craton comprises a number of linear tec-
tonic belts i.e., the Bengpal–Sukma Belt in the south, Kotri–Dongargarh
Belt in the centre and north, the Amgaon Belt in thewest and the Sasur–
Chilipi Belt in the north and the Sonakhan Greenstone Belt in the north-
eastern fringes (Fig. 1b; Ramakrishnan and Vaidyanadhan, 2010). Based
upon the geochemical signatures of gneisses, granitoids andmafic dykes
Mondal et al. (2006) suggested that the continental growth of the Bastar
Craton took place during Precambrian time throughmultiphases of sub-
duction and lithospheric extension or rifting processes. The Bengpal-
Sukma belt contains the oldest group of rocks (Rajesh et al., 2009;
Sarkar et al., 1993) and the basement rocks of the craton are dominated
by tonalite–trondhjemite-granodiorite-gneisses (TTG) of 3.56 to 2.5 Ga
(U-Pb zircon ages, Rajesh et al., 2009; Sarkar et al., 1993). The age of the
granitoids range from2.5 to 2.2Ga (Rb-Sr isochron ages, Krishnamurthy
et al., 1988) and major supracrustal sequences of the Bastar craton
include Dongargarh, Sakoli and Sausar suites. The Dongargarh supracr-
ustal sequence exhibit ages from 2463 to 2506 Ma (zircon U-Pb ages,
Manikyamba et al., 2016). Several episodes of Neoarchean high-Mg
mantle-derived magmatic imprints are found throughout the Bastar
Craton (Samal et al., 2019).

The Sonakhan greenstone belt (SGB) which is located in the north-
eastern part of the Bastar Craton represents a typical granite-
greenstone belt that is comparable with the Dharwar Supergroup
(Pascoe, 1973). It is encircled by the Mesoproterozoic Chhattisgarh
basin and has a ‘typical’ Precambrian Granite-Greenstone Belt lithology.
The Sonakhan greenstone belt, based on geological and lithological sim-
ilarities, has been considered equivalent to Neoarchaean to Paleoprote-
rozoic greenstone belts of the southern Bastar craton (Das et al., 1990).
This interpretation is further corroborated by stratigraphic position as
the greenstone belt underlies the Mesoproterozoic Chhattisgarh Super-
group (Das et al., 2009; Patranabis-Deb et al., 2007). Ghosh et al. (1995)
presumed a Neoarchean age for this terrane based on whole rock Rb-Sr
dating in meta-rhyolites. The Sonakhan terrane can be divided mainly
into two groups namely the Sonakhan group and Bilari Group. The
Baghmara formation and Arjuni formation are considered as the two
main divisions of the Sonakhan Group. The Baghmara formation is
mainly composed of massive metabasalts, pillow basalts, metagabbro,
ignimbrite, rhyolite, felsic tuff, tremolite-actinolite schist, argillite, and
ferruginous chert. Arjuni formationwhich overlies Baghmara formation
mainly composed of Jonk conglomerates and banded iron formations
(Das et al., 1990). The Baya gneissic complex is considered to be the
basement of the Sonakhan terrane (Das et al., 1990). Pillow basalts
and meta-basalts with relict pillow structure were documented
from the lower part of the belt (Deshmukh et al., 2017; Mondal and
Raza, 2009).

Deshmukhet al. (2017) reported the preliminary geochemistry of
basalts and rhyolites from the Baghmara formation and proposed a
supra-subduction zone tectonic setting for the SGB, whereas
Mondal and Raza (2009) proposed a plume-arc interaction process
for the origin of Sonakhan rocks. In a recent study, Manu Prasanth
et al. (2018) proposed subduction of intraoceanic lithosphere and
forearc magmatism in the Sonakhan area. Greenschist to lower am-
phibolite facies metamorphism have replaced the primary mineral-
ogical and textural characteristics of the rocks present in the
Sonakhan terrane. In addition, volcano-sedimentary successions
of this terrane have undergone multiple stages of syn- and post-
volcanic alteration, which are manifested as quartz veins, quartz
fillings and epidotization.



Fig. 1. (a) Cratonic divisions and regional geological structures of Peninsular India. D=Dharwar Craton, C= Cuddapah Basin, B= Bastar Craton, S= Singhbhum Craton, SGT= southern
granulite terrane, A-B= Aravalli-Bundelkhand Craton. (b) Simplified regional geological map of the Bastar Craton and NE Dharwar Craton with location of the U/Pb geochronology sam-
pling site (SD/4) of this study. Modified from French et al. (2008). Locations of 1.88 Ga Bastar-Cuddapah dykes (Bastanar-Hampi swarm) with high precision U/Pb dates are shown for
reference (Belica et al., 2014; French et al., 2008; Shellnutt et al., 2018).
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The Sonakhan dolerite dykes are trending in a NNW-SSE direction
and vary from 100 m to N5 km in length and 30 m to 200 m in width
(Figs. 2 and 3). The dykes are informally known as the Sonakhan
dyke swarm but, based on the cross-cutting relationship, are likely to
be younger and petrogenetically unrelated to the Sonakhan greenstone
belt volcanic units. Exposure of the dykes is somewhat limited as the re-
gion is forested but 16 samples were collected for this study. From the
hand specimens, most dykes were affected by greenschist facies meta-
morphism although there are a few dykes that appear to be fresh.

3. Petrography

The Sonakhan dykes are medium to coarse grained and variably al-
tered ranging from minor (SD/4, SD/10, SD/12) to highly altered
(other samples). The very altered (greenschist facies) rocks are com-
prised entirely or almost entirely of secondary minerals (hornblende,
saussurrite, chlorite). The least altered sample (SD/4) is comprised of
clinopyroxene (~45–50 vol%) and plagioclase (~40 vol%) with minor
(b10 vol%) amounts of Fe-Ti oxide minerals and accessory amounts
(b1 vol%) of sulphide minerals and euhedral apatite. Many dykes retain
their ophitic to sub-ophitic textures (Fig. 4). Clinopyroxene is the most
abundant mineral and is subhedral to anhedral. The subhedral crystals
tend to have angular crystal boundaries as they likely crystallized
against lath-shaped plagioclase. The anhedral crystals are common but
less abundant and have irregular boundaries. Some clinopyroxene crys-
tals have minor alteration to hornblende along grain boundaries. The
plagioclase crystals are typically euhedral to subhedral with lath-like
shapes and interstitial to the clinopyroxene. In many cases the plagio-
clase crystals have patches of saussurrite alteration. The Fe-Ti oxide
minerals, mostly magnetite (titanomagnetite) with subordinate ilmen-
ite, have subhedral textures and interstitial to the plagioclase and
clinopyroxene. Apatite is identified due to its high relief, unaltered
appearance, and euhedral hexagonal shape. Acicular apatite was not
observed.
4. Analytical methods

4.1. Geochronology

Baddeleyite crystals from sample SD/4 were separated using the
Wilfley water-shaking table in a technique modified after Söderlund
and Johansson (2002), and a pipette to remove a concentrate of small,
dense, flat minerals off the Wilfley table. This yielded several small,
euhedral baddeleyite grains and fragments. The weights of the
baddeleyite crystalswere calculated frommeasurements of photomicro-
graphs and estimates of the third dimension. Theweights are used to de-
termineU concentration anddonot contribute to the age calculation. The
grainswere cleanedwith concentrateddistilledHNO3andHCl and,due to
their small size, no chemical separationmethodswere required. The sam-
pleswere spikedwith an in-house 205Pb-235U tracer solution for ID-TIMS
analysis, anddissolutionandequilibrationof spikedsingle crystalswasby
vapour transferofHF, usingTeflonmicrocapsules in aParrpressurevessel
placed in a 220 °C oven for six days before transfer to outgassed, zone-
refined rhenium single filamentswith 5 μL of silicic acid gel. U-Pb isotope
analyses were carried out at the University of Western Australia using a
ThermoTriton T1mass spectrometer, in peak-jumpingmodeusing a sec-
ondary electron multiplier. Uraniumwas measured as an oxide (UO2).
Fractionation and deadtime were monitored using SRM 981 and SRM
982. Mass fractionation was 0.03± 0.06%/amu. Data were reduced and
plotted using the software packages Tripoli (from CIRDLES.org) and
Isoplot 4.15 (Ludwig, 2011). All uncertainties are reported at 2σ.

4.2. Major and trace elemental geochemistry

The rock specimens were initially cut into small chips using a
diamond-bonded steel saw. The chips were then crushed using a steel
jaw crusher. The crusher was cleaned using de-ionized water after
each sample was processed. The samples were then pulverized to a
fine powder (200 mesh) in an agate mill. Three grams of powder from

http://CIRDLES.org


Fig. 2. Simplified geological map of the northern Bastar Craton showing the sample locations of this study and the distribution of the Sonakhan dykes.
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each sample was baked and weighed, initially at 100 °C then 900 °C, to
determine loss on ignition (LOI). Lithiummetaborate was added to the
oxidized samples after cooling from 900 °C and fused to produce a glass
disc (Claisse M4 fluxer). The major oxide concentrations were deter-
mined byWD-XRFS using a PANalytical Axios mAX spectrometer at Na-
tional Taiwan Normal University in Taipei. The measured standard
reference material (AGV-2, BCR-2, BHVO-2, DNC-1, BIR-1) of the
major elements are listed in Supplementary Table S2.

Trace elements were analyzed using an Agilent 7500cx inductively
coupled plasma mass spectrometer (ICP-MS) at National Taiwan Uni-
versity, Taipei. Approximately 20 mg of rock powder from each sample
was dissolved using a combination of HF, HNO3 and HCl in a Teflon bea-
ker. Each sample was heated with HF and HNO3 in a closed beaker for
48 h and then dried. Subsequently, 2 mL of 6 N HCl were added and
then left to dry. This step was repeated. Two mL of 1 N HCl was added
to each sample after drying and then centrifuged. The supernatant
was transferred to a new beaker. If solid residue was observed in the
beaker then the procedure was repeated until complete dissolution.
Samples were diluted using 2% HNO3 and a Rh and Bi spike was added
for the internal standard. The standard reference materials analyzed
were BCR-2 (basalt), BHVO-2 (basalt), AGV-2 (andesite), and DNC-1
(dolerite). The accuracy of the measured standard reference material
is generally better than ±5% for all elements.
4.3. Radiogenic isotopes

Strontium and Nd isotopes were measured at the Institute of Earth
Sciences, Academia Sinica. A Finnigan MAT262Q thermal ionization
mass spectrometer (TIMS) measured the Sr isotopes whereas a Thermo
Fisher Scientific Triton Plus multicollector thermal ionization mass
spectrometer measured the Nd isotopes. Approximately 100 mg of
each sample powder was dissolved using HNO3 and HF over a 48 h pe-
riod which was followed by two rounds of 2 mL 6 N HCL and drying.
Finally, 2 mL of 1 N HCl was added and the sample was centrifuged. If
a solid residue was observed then the procedure was repeated. Sr and
Nd were isolated from the remaining elements using chemical column
separation methods. The first column used to isolate Sr and rare-earth
elements (REEs) and contained 2.5 mL Bio-Rad AG50W-X8 cation ex-
change resin bed with grain size of 100 to 200mesh. The Sr was further
separated using a 1 mL resin bed of AG 50 W-X8 with 100 to 200 mesh
grain size. Ndwas concentrated using an 8mL columnwith a 1mL resin
bed of Eichrom Ln (100–150 μ) that was covered by 0.1 mL of anion ex-
change resin bed (Dowex 1-X8, 100–200 mesh). The Sr samples plus
H3PO4 were loaded on a single Re filament whereas the Nd samples
plus H3PO4 were loaded on a double Re filament for analyses. The stan-
dard NBS987 Sr was measured 118 times between 2006 and 2017
and has a long-term value of 0.710248 ± 21. JMC Nd was measured



(a)

Dyke

Fig. 3. Field photograph of dyke SD/3 striking 344o at 20 km milestone, Kasdol road
(21°24′43.3″N, 82°32′08.7″E) near Pithora.
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127 times between 2006 and 2016 and has a long-term value of
0.511816 ± 11.
5. Results

5.1. Geochronology

Six baddeleyite crystals were analyzed for U-Pb geochronology. Cal-
culated weights are between 0.1 and 0.2 μg, with relatively low
(a)

(b)
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Fig. 4. Photomicrograph of sample SD/4 in (a) plane polarized and (b) cross-polarized
light. cpx = clinopyroxene, pl = plagioclase, FTO = Fe-Ti oxide minerals.
calculated U concentrations around 100 ppm. Th/U ratios are typically
low in baddeleyite, and these analyses indicated Th/U ratios b0.05.
The data are variably discordant (Fig. 5) with one analysis (#4 in Sup-
plementary Table S1) at 5% discordance, indicating some small degree
of Pb loss. The coherence of the 207Pb/206Pb ages of all data indicates any
Pb loss was recent, and supports our interpretation of the weighted-
mean 207Pb/206Pb age representing the magmatic emplacement age of
the dyke. The weighted-mean 207Pb/206Pb age of all six analyses is
1851.1 ± 2.6 Ma (2σ, MSWD = 1.5, N = 6).

5.2. Whole rock geochemistry

The Sonakhan dykes are tholeiitic and have SiO2 ranging from
46.3 wt% to 55.2 wt% which corresponds to basalt and basaltic andesite
(Supplementary Table S2; Fig. 6a). The Mg# [(Mg2+/(Mg2++Fe2+))
*100] varies from ~37 to ~70 but there appears to be two groups of
dykes (Fig. 6b). The high Mg# (N54) group has MgO N 6.8 wt% and
Fe2O3t b 13 wt% whereas the low Mg# (b45) has MgO b 6.2 wt% and
Fe2O3t N 14.5 wt%. The CaO (8.2 wt% to 11.5 wt%) and Al2O3 (9.3 wt%
to 15.6 wt%) contents of both groups are similar but Al2O3 tends to be
lower in the high Mg# group that has high SiO2 (Fig. 6c). Moreover,
the high Mg# samples also have lower TiO2 (b1.1 wt%) than the rocks
with lower Mg# (TiO2 N 1.1 wt%) (Fig. 6d). The MnO and P2O5 contents
are generally higher in the lowMg# samples. The total alkalis (Na2O and
K2O) have a large range (Na2O+ K2O= 1.8 wt% to 4.4 wt%) in the high
Mg# samples but it encompasses the range of the low Mg# samples
(Na2O + K2O = 2.5 wt% to 3.5 wt%). The loss on ignition (LOI) for all
samples ranges from 0.48 wt% to 2.58 wt%. All samples are quartz, diop-
side and hypersthene normative except SD/9, SD/11 and SD/14 (high
Mg#) which are olivine, diopside and hypersthene normative.

The transition metals (Sc, V, Zn, and Co) are relatively uniform
although Ni (59–424 ppm), Cr (45–1073 ppm), and Cu (70–255 ppm)
are quite variable (Fig. 6e-f). Both the high field strength elements (Zr
= 41–155 ppm, Nb= 1.7–12.6 ppm, Hf = 1.19–4.10 ppm, Ta = 0.11–
0.83 ppm, Th= 0.26–5.10 ppm, U= 0.10–1.49) and large ion lithophile
elements (Cs=0.16–5.04 ppm; Rb=4.2–55.5 ppm;Ba=28–571 ppm;
Sr = 120–362 ppm) are variable but in most cases the variability is due
to the anomalous values from samples SD/1, SD/2, SD/4, SD/5 and SD/6.
The primitive mantle normalized incompatible trace element patterns
are broadly similar between the high Mg# and lowMg# groups as they
are parallel and have enriched LILE and depletions of Nb-Ta (Fig. 7a).
The chondrite normalized REE patterns range from light-rare earth ele-
ment (LREE) depleted to enriched (La/YbN = 0.9 to 9.2; Gd/YbN = 1.0
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Fig. 5. Concordia plot of baddeleyite U-Pb TIMS data for sample SD/4.
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to 2.1)with somebearinga resemblance toN-MORB (SD/7, SD/8 and SD/
11)whereas others aremore similar to E-MORB and ocean-island basalt.
The rocks do not display distinct Eu-anomalies as all samples have Eu/
Eu* values between 0.86 and 1.03 (Fig. 7b).

5.3. Sr-Nd isotopic geochemistry

The initial Sr-Nd isotope ratios are calculated using the
1850Ma U/Pb age of sample SD/4. The initial 87Sr/86Sr (ISr) ratio ranges
from 0.698005 to 0.708547 (Supplementary Table S3). Sample SD/12
has a low initial ratio (b0.7000) suggesting that it was affected by ele-
ment mobility. The remaining samples have ISr values from 0.703960
to 0.708547. The initial 143Nd/144Nd ratios range from 0.509953 to
0.510344 and correspond to εNd(t) values of −5.7 to +2.0 (Fig. 8).
The meaningful (147Sm/144Nd b 0.165) depleted-mantle model ages
(TDM) range from 2569 Ma to 2886 Ma.

6. Discussion

6.1. Petrogenesis of the Sonakhan dykes

6.1.1. Fractional crystallization within the Sonakhan dykes
The chemical variability, specifically the low Mg# (b40) and the

lower Ni (≤ 200 ppm) contents, observed within some Sonakhan
dykes suggests their parental magmas likely experienced fractional
crystallization at some point during their emplacement. Even the
rocks with higher Mg# (N60) tend have lower CaO (b11 wt%) content
then primitive basalt suggesting they are not primary magmas
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(Herzberg et al., 2007). Moreover the decreasing MgO and Fe2O3t and
increasing Na2O and K2O with respect to SiO2 indicates silicate mineral
(olivine, pyroxene, plagioclase) fractionation may explain some of the
chemical variability amongst the dykes.

Fractional crystallization of major rock forming silicate minerals in
mafic magmatic systems can be modeled using Pearce element ratios
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are shown with the bulk silicate earth (BSE) evolution lines are shown for comparison.
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(PER). PER are calculated using major element data to evaluate the pos-
sible effects of olivine, pyroxene and plagioclase fractionation (Nicholls
and Russell, 2016). The major element components are arranged ac-
cording to the stoichiometric proportions of the possible fractionating
silicate minerals (olivine, clinopyroxene, plagioclase) with respect to a
conserved element. A conserved element is one that is not amajor com-
ponent (e.g. Ti, P, K, Zr) of one ormore of the fractionatingminerals (e.g.
olivine, clinopyroxene, plagioclase). PERwere designed tominimize the
effects of the Chayes' closure problem and to better evaluate if fraction-
ation of a specific mineral or groups of minerals occurred. Potassium
meets the requirement of a conserved element for the Sonakhan
dykes and the PER indicate that olivine and plagioclase fractionated
and possibly clinopyroxene (Fig. 9). Although PER can identify the
effects of silicatemineral fractionation, they cannot give the proportions
of the minerals fractionation and the relative timing of fractionation. To
further evaluate the extent of fractionation we use the software MELTS
(Smith and Asimow, 2005).

Two fractionation models were run using the same starting compo-
sition but with different relative oxidation states. Bothmodels use sam-
ple SD/9 as the starting composition with initial water content of 1.5 wt
% andpressure of 0.5 kbar (0.05GPa)however onemodel used a relative
oxidation state (ƒO2) equal to NNO -1 (nickel-nickel-oxide)whereas the
second model used a value of NNO -2 (Supplementary Table S4). Sam-
ple SD/9 was selected as the starting matieral because it has low SiO2,
high Mg# (61), high MgO (10.40 wt%), high Ni content (271 ppm),
and is olivine normative.

The liquid evolution compositions of both models (model 1 =
white circles; model 2 = black circles), at 10 °C intervals, are shown
in Fig. 10 (Table S5). The results support the Pearce element ratio cal-
culations and indicate that the compositional variability of the dykes
may be explained by fractional crystallization of olivine, plagioclase
and clinopyroxene. Model 1 (NNO -1) calculates olivine (Fo85.5)
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clinopyroxene. r = correlation coefficient.
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crystallization at 1230 °C followed by plagioclase (An90) at 1130 °C,
clinopyroxene (Wo44En43Fs13) at 1100 °C and finally spinel (Ti-rich
magnetite) at 1050 °C. The compositional range of the dykes is pro-
duced as the liquid reaches 1030 °C (olivine = Fo50.8; plagioclase =
An74, clinopyroxene = Wo38En38Fs24) after which ~68% of the paren-
tal magma has crystallized.

Model 2 was run at a lower relative oxidation (ƒO2 = NNO -2) state
in order to reach the high TiO2 values of samples SD/4 and SD/12
(Table S6). Model 2 calculates olivine (Fo84.8) crystallization at 1240
°C followed by plagioclase (An90) at 1130 °C, clinopyroxene
(Wo45En44Fs11) at 1110 °C and finally spinel (Ti-rich magnetite)
at 1040 °C. The compositional range of the dykes is produced as
the liquid reaches 1010 °C (olivine = Fo33.6; plagioclase = An71,
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clinopyroxene = Wo42En31Fs27) after which ~74% of the parental
magmas has crystallized. Most importantly, the TiO2 peaks at ~1.8 wt%
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It is very likely that the primary magmas of the Sonakhan dykes had
already experienced fractionation of olivine with or without a Ca-rich
silicate (plagioclase or clinopyroxene) mineral before reaching shallow
levels of the crust. The implication is that the basaltic magma differenti-
ated at two stages. The first stage of fractionation was probably located
near the crust-mantle boundary whereas the second stage occurred in
the upper crust eitherwithin amagma chamber and/or a conduit during
transport to the surface. The MELTS models and PER are mutually con-
sistent in that they both indicate the chemical variability of the dykes
is, in part, related to fractional crystallization of olivine, plagioclase
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and clinopyroxene probably at shallow levels of the crust. Titano-
magnetite likely played a minor role (~1.5% of the total assemblage)
near the end of fractionation. There are a few samples that have higher
SiO2 (N52wt%) and lower Al2O3 (b11wt%)which themodels cannot re-
produce suggesting there could be an additional magmatic processes
(e.g. crustal contamination) that affected individual dykes.

6.1.2. Crustal contamination
Based on the major element compositions and the MELTS modeling

it is clear that there are a number of high Mg# samples (SD/1, SD/2, SD/
3, SD/5, SD/6) that have high normalized SiO2 (N52 wt%) and low nor-
malized Al2O3 (b11.5 wt%) contents with respect to other high Mg#
samples (Fig. 5b and c). The paradox of highMg# and high SiO2 suggests
that crystal fractionation may not be the only process that contributed
to the chemical variability of the dykes. It is possible that some dykes
were contaminated by crustal material (melts?) during emplacement.

The primitive mantle normalized plots show that nearly all samples
have depletion of Nb and Ta but, perhaps more importantly there is
a trend of increasing Th/NbPM ratio with a decreasing Nb/U ratio
(Fig. 11a). The trend implies that there was contamination within the
dyke swarm as the data trend from high values toward the composition
of average upper crust (Th/NbPM ≈ ~7; Nb/U≈ 5). There are a number
of other trace element ratios that suggest the high Mg# and high SiO2

samples were contaminated. The Th/Yb ratios increase vertically with
the high SiO2 samples indicating the possibility of crustal contamination
(Fig. 11b). Furthermore, the La/Nb ratio increases from 1.2–1.6 in the
low SiO2 rocks to 2.5–3.0 in the high SiO2 rocks. The Zr/Y ratio with re-
spect to Zr shows a non-horizontal trend suggesting that the ratio
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variability is not just related to fractional crystallization (Fig. 11c). Fi-
nally, the increase in the Dy/Yb ratio at relatively constant Dy/Dy*
values suggests enriched crustal material contaminated some dykes
(Fig. 11d). Consistently, the high Mg# and high SiO2 samples demon-
strate compelling evidence in favour of crustal contamination. In con-
trast the high Mg# and low SiO2 samples (SD/7, SD/8, SD/9, SD/11, SD/
14) have less variability (lower Th/NbPM, higher Nb/U, lower La/Nb,
lower Th/Yb) in their trace element ratios implying that theyweremin-
imally contaminated, if at all (Fig. 11).

From the perspective of the Sr-Nd isotopes, the high Mg# and
high SiO2 samples (SD/2, SD/6) have higher initial 87Sr/86Sr ratios
(0.70606 to 0.70855) and lower εNd(t) values (−5.7 to −2.2)
than the high Mg# and low SiO2 rocks (SD/8; ISr = 0.70396; εNd
(t) = +2.0). The isotopic trend, much like the trace element ratio
trends, is consistent with isotopic enrichment via crustal contami-
nation. Isotopic modeling using Archean basement rocks of the
Bastar Craton as the ‘crust’ end-member and the ‘least contami-
nated’ highMg# dyke (SD/8) as the ‘pristine’ end-member indicates
that ~15% contamination could increase the initial 87Sr/86Sr ratio
from ~0.7040 to ~0.7088 (Table S6). Moreover, the amount of con-
tamination, using the reported Bastar gneiss composition, would
likely increase the bulk SiO2 (~50 wt%) and Sr (176 ppm) content
to the values closer to the most contaminated (SD/6) dyke (SiO2

= ~55 wt%; Sr = 362 ppm). However, it is likely that the crustal
melt was more silicic than the bulk compositions used for isotopic
modeling (i.e. SiO2 N 69 wt%). The implication is that contamination
probably occurred either after or concomitant with crystal fraction-
ation (assimilation fractional crystallization). In other words, the
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petrogenesis of the most contaminated sample probably occurred
as fractionation (olivine, plagioclase, clinopyroxene) increased the
SiO2 and Sr concentrations to elevated levels (e.g. SiO2 = ~54 wt%,
Sr = 300 ppm) which were then mixed with highly silicic crustal
melts (i.e. SiO2 ≈ 75 wt%).

6.1.3. Mantle source characteristics
The high Mg# and low SiO2 dykes (SD/7, SD/8, SD/9, SD/11, SD/14)

are the best examples of the least contaminated and most ‘primitive’
compositions found in this study and therefore are better suited to con-
strain themantle source characteristics of the Sonakhan dyke swarm. In
addition to high Mg#, high Ni contents, and low SiO2, the ‘primitive
dykes’ have relatively low chondrite normalized La/Yb ratios (0.9 to
1.5) that are more similar to N-MORB/E-MORB than the LREE-
enriched (La/YbN = 3.4 to 9.2) compositions of the ‘contaminated’
samples (Fig. 7b). The slightly depleted to relatively flat chondrite
normalized REE patterns suggest that the mantle source could be simi-
lar to depleted-MORB mantle but the Sr-Nd isotopes (87Sr/86Srinitial =
0.7045; εNd(1.85 Ga) = 0 ± 1) are more chondritic than radiogenic
(87Sr/86Srinitial = 0.7040; εNd(1.85 Ga) = +5) and the rocks have Dy/
Dy* (0.92 to 1.09) values that are more similar to primitive (Dy/Dy*
≈ 1) mantle than depleted (Dy/Dy* ≈ 1.75) mantle (Davidson et al.,
2013). The implication is that the mantle source was not depleted but
could be lithospheric or conceivably a mantle plume-type source
(Cagney et al., 2016; Workman and Hart, 2005).

Batch melting trace element modeling indicates that most of the
incompatible trace element concentrations of the dykes can be rep-
licated by 12% to 18% partial melting of a spinel lherzolite (olivine
= 55%, orthopyroxene 25%, clinopyroxene = 15%, spinel = 5%)
assuming an initial composition similar to primitive mantle
(Table S7). There are some elements that do not match the modeled
concentrations very well but it is likely that Ti, Ba, Sr and Rb in-
creased in the residual dyke liquid compositions during fraction-
ation of olivine. As previously mentioned the dyke magmas likely
experienced crystal fractionation and are not ‘primary’ composi-
tions. The low Dy/Yb (1.5 to 1.6) and Sm/YbPM (1.0 to 1.1) values
suggest garnet was not a residual phase within the source after
melting (Davidson et al., 2013). It is possible that all garnet in the
source was consumed duringmelting as the trace elementmodeling
indicates relatively high amounts of melting are required to repli-
cate the dyke compositions. However, the low Tb/YbN values (1.0
to 1.1) at FeO normalized to 8 wt% MgO (Fe8 = 9.5 wt% to 11.2 wt
%) suggest that melting of the mantle source occurred outside
(structurally above) of the garnet stability field (Wang et al., 2002).

The mantle source for the Sonakhan dyke swarm was isotopically
chondritic as the Sr-Nd isotopes for the uncontaminated samples are
similar to bulk silicate earth. The bulk composition of the source was
probably similar to primitive mantle as it can replicate the chondrite
normalized REE patterns of the rocks. At the moment there is not
enough evidence to support the hypothesis that the primary magmas
of the dykeswere derived fromamantle sourcewithin the garnet stabil-
ity field. Therefore it is unlikely the parentalmagmas of the dykes are re-
lated to deep seatedmantle upwelling. Additionally, the Sonakhan dyke
swarm is the only known dyke swarm of the Indian Shield that was
emplaced at 1.85 Ga suggesting that a geographically extensive radiat-
ing swarm may not exist and that it was a comparatively smaller mag-
matic event.

6.1.4. Emplacement of the Sonakhan dyke swarm
The SDSwas likely emplaced during a period of tensional plate stress

within the northern Bastar Craton. Dyke swarms of similar size as the
SDS are often but not exclusively considered to be related to continental
break-up and/or a mantle plume (Ernst, 2014; Ernst and Bleeker, 2010;
Shellnutt and MacRae, 2012). The whole rock geochemistry indicates
that crystal fractionation and crustal contamination are themain factors
that explain the chemical variability of the dykes. Furthermore, trace
element modeling and the Sr-Nd isotopes suggests high degrees (10%
to 20%) of partialmelting of a spinel-bearing lherzolite source likely pro-
duced the initial primary magmas. In this section we outline a sequen-
tial emplacement model of the SDS.

Melting of the mantle source was initiated as rifting developed
within the northern Bastar Craton. The primarymelts of themost prim-
itive dykes likely experienced early crystal fractionation of olivine dur-
ing melt transfer into the crust. It is possible that clinopyroxene
fractionated early as well because samples SD/9 and SD/11, the most
‘primitive’ compositions, have relatively low CaO (~10.6 wt%) content
and variable Cr (179 and 382 ppm) content. It is uncertain if early crystal
fractionation occurred within a ‘lower crust hot zone’ or if it occurred
during magma transport through the crust. Some of the ‘primitive
dykes’ were emplaced within the upper crust whereas others stalled
and fractionated olivine, plagioclase and clinopyroxene. The second
stage of crystal fractionation produced the low Mg# magmas which
were then injected into the overlying crust.

Contamination of the Sonakhan dykes is most acute within the high
Mg# dykes. The high Mg#, high SiO2 dykes have higher Th/NbPM and
lowNb/U ratios than the other dykes. The implication is that contamina-
tion was more severe within the ‘primitive’ dykes. Based on the MELTS
models, the liquidus temperature of the uncontaminated high Mg#
dykes, as represented by sample SD/9, is ~1230 °C. Such a high temper-
ature is sufficient to melt most supracrustal (0.5 kbar) lithologies (Clark
et al., 2011; Sawyer et al., 2011). In comparison, the liquid temperature
range that can yield liquid compositions similar to the lowMg# dykes is
1100 °C to 1050 °C. Consequently, by virtue of their high temperature,
the high Mg# dykes were probably more likely to induce melting of
the crust and thereby have an increased probability of assimilating
crustal melt during crystal fractionation. Furthermore, it is probable
that the dykes fed volcanic eruptions and that there are/were basalts
that can be compositionally correlated with the dykes.

6.2. Correlation of the Sonakhan dykes with tectonomagmatic events in the
Bastar Craton

Age spectra of detrital zircons from Mesoproterozoic sedimen-
tary rocks of the Bastar Craton indicate there was a major crust
building episode in the region at ~1.85 Ga (Mohanty, 2015b). Geo-
logical, geochemical and geochronological evidence indicates
there were at least two tectonomagmatic episodes during the in-
terval from 1.9 Ga to 1.8 Ga (Mishra and Kumar, 2014; Mohanty,
2015b; Saha and Mazumder, 2012). Mohanty (2015b) outlines
the two major tectonic events in the Bastar Craton as: 1) the sec-
ond phase (1b) of the initial stage of the Satpura Orogeny (1.95 Ga
to 1.90 Ga) which is characterized by high-grade metamorphism
and migmatization and was accompanied by granitic magmatism,
and 2) the emplacement of the BCDS at 1.88 Ga. The Chhattisgarh
Supergroup (sandstone, shale, conglomerates) was deposited at
~1.45 Ga and uncomforambly overlies the Paleoproterozoic base-
ment rocks (Dhang and Patranabis-Deb, 2011).

The BCDS(1.88 Ga), although compositionally similar to the
Sonakhan dykes, is 30 million years older than the SDS(1.85 Ga) indi-
cating that they may not be petrogenetically related although they
could be broadly related to the same regional rifting regime that ex-
tended across India(Shellnutt et al., 2018). There are mafic dykes
that have similar ages as the SDS but they are primarily located in
southern India. There is a mafic dyke near Dharmapuri (~1100 km
south of the SDS), within the South India Granulite Terrane, that has
a plagioclase 40Ar/39Ar age of 1855 ± 9 Ma but the high temperature
spectrum did not yield a well define plateau (Radhakrishna et al.,
1999). Analysis of two single zircon grains from a dyke in the Kunigal
region (~150 km northwest of Dharmapuri) in the Dharwar Craton
yielded 207Pb/206Pb ages of 1847 ± 6 Ma and 1839 ± 8 Ma but the
dyke is interpreted to be a member of the BCDS based on its similar
paleomagnetic directions (Belica et al., 2014). Furthermore, Sheppard



Fig. 12. Conceptual model of rift propagation from 1.88 Ga to 1.85 Ga. The original reconfiguration is based on Stark et al. (2018). (a) The initial rift and magmatism begin at ~1.88 Ga as
Peninsular India andWestern Australia are proximal. (b) Extension continues and rift propagates NE-ward and the younger dykes are emplaced at ~1.85 Ga. There is uncertainty regarding
the precise age of Paleoproterozoic dykes from southern India but are shown for geographic context.
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et al. (2017) dated felsic tuff within the upper part of the Tadpatri For-
mation that yielded weighted mean zircon SHRIMP 207Pb/206Pb ages
of 1864 ± 13 Ma and 1858 ± 16 Ma (1862 ± 9 Ma combined age)
and suggests that it may be amongst the youngest volcanic cycles in
the Cuddapah Basin that spanned ~30 million years. Thus, it is possible
that the SDS is a younger member of a larger magmatic province that
spanned Peninsular India.

To the north of the Bastar Craton, rocks from the Mahakoshal fold
belt and Bunkelkhand Craton record a deformation event at ~1.80 Ga
whichwas likely preceded by the eruption of flood basalts (Gwalior Se-
ries lavas), emplacement of associated mafic dykes, and “post-tectonic”
granites (Mohanty, 2015b; Saha and Mazumder, 2012). However the
only available date of the basalt is an Rb-Sr isochron age of 1815 ±
200Ma (Crawford and Compston, 1970; Rao et al., 2005). The Tamkhan
and Barambara post-tectonic granites in the Mahakoshal fold belt have
Rb-Sr isochron ages of ~1865 and ~1800Ma respectively but there is un-
certainty regarding their true correlation due to the precision of the
dates (Sarkar et al., 1998). The deposition of theMahakoshal Group sed-
iments (shallow marine to deep shelf) are consistent with rifting and
broadly contemporaneous with the SDS but their association (temporal
and spatial) requires more evidence (Saha and Mazumder, 2012). Far-
ther to the west in the Aravalli Orogenic Belt, there is a rhyodacite
that yielded a zircon age of 1854 ± 7 Ma (Deb et al., 2002).

In the SinghbhumCraton, to the east of the Bastar Craton, the ‘Newer
Dolerites’ intrude the Archean basement rocks and are thought to be
Paleoproterozoic (≥ 1960 Ma) but the dykes have yielded a range of
ages from ~2100 Ma to ~950 Ma including an age of ~1250 Ma (Saha
and Mazumder, 2012; Sengupta and Ray, 2012; Shankar et al., 2014).
Shankar et al. (2014) reported two baddeleyite Pb-Pb ages of dykes cor-
relative with the ‘Newer Dolerites (Pipilia swarm)’ of 1766.2 ± 1.1 Ma
and 1764.5 ± 0.9 Ma. There is another poorly constrained dyke
swarm referred to as the Bhagamunda swarm which appears to be
older than theNewDolerites (~1.77 Ga) but younger than the Ghatgaon
(~2.26 Ga) dyke swarm (Samal et al., 2019). The uncertainty of the em-
placement age and the compositional variability of the ‘Newer Dolerites’
suggest there could be one or more distinct swarms within the
Singhbhum Craton but at this time, although still possible, they are un-
likely to be related to the Sonakhan dykes or BCDS.

There is evidence to suggest there was widespread magmatism in
the Indian Shield from ~1.88 Ga to ~1.85 Ga and possibly younger. How-
ever, due to the poor precision of the reported ages of basalts and other
Paleoproterozoic mafic dykes in the Bundelkhand and Singhbhum
Cratons any regional correlation at this time is uncertain. The age gap
between the BCDS and SDS precludes a direct relationship between
the two dyke swarms but it is still possible, due to their spatial associa-
tion, that theymay be related to the same regional rifting event. For ex-
ample, the emplacement of the SDSmay simply represent themigration
of a mantle plume or, more likely, the propagation of a rift from the
Dharwar Craton to the Bastar Craton (Sheppard et al., 2017). In any
case, it appears the Sonakhan dyke swarm is distinct from other dyke
swarms of the Indian Shield.

6.3. Prolonged break-up between India and Western Australia

Paleoproterozoic supercontinent reconfigurations suggest that Pen-
insular India and Western Australia were proximal from ~2100 Ma to
~1900 Ma and possibly as early as ~2350 Ma (Liu et al., 2018;
Mohanty, 2012, 2015a). Specifically, paleomagnetic, geochemical, and
geochronological studies of 1880 Ma dykes from the Yilgarn (Boon-
adgin), Bastar (Bastar-Cuddapah), and Dharwar (Bastar-Cuddapah)
Cratons indicates that it is very likely the threewere spatially associated
before dyke emplacement and subsequently drifted apart (Liu et al.,
2018; Shellnutt et al., 2018; Stark et al., 2018). The tectonic evolution
of the Satpura Mountains of Central India temporally matches the evo-
lution of the Capricorn Orogeny of Western Australia. Furthermore,
the Glenburgh Terrane (within the Capricorn Orogeny) is considered
to be exotic with respect to the Yilgarn or Pilbara Cratons but bears
some lithological similarity to the cratonic rocks of the Bastar Craton
(Mohanty, 2012; Mohanty, 2015b; Occhipinti et al., 2004; Saha and
Mazumder, 2012; Sheppard et al., 2016).

The age of the SDS is broadly similar to a number of tectonomag-
matic features of Peninsular India including the eruption age of felsic
tuffs and mafic sills within the Cuddapah Basin (Belica et al., 2014;
Sheppard et al., 2017). The known size of the SDS is comparatively
small with respect to the Bastar-Cuddapah dyke swarm suggesting it
may be representative of local rifting rather than regional. However,
Ameen and Wilde (2006) reported an age of 1854 ± 5 Ma for a west
trending mafic dyke in the northern Yilgarn Craton that cross-cuts the
Yalgoo greenstone belt and is referred to as the Yalgoo dyke or Yalgoo
dyke swarm. The Yalgoo dyke is compositionally similar to the high
Mg#, high SiO2 dykes described in this study (Figs. 6 and 7). The impli-
cation is that the Yalgoo dyke may be the first evidence for a regionally
extensive dyke swarm that extended from the Bastar Craton to the
Yilgarn Craton.
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Liu et al. (2018) postulated a mantle plume model for the 1.88 Ga
Bastar-Cuddapah-Boonadgin dykes and provided a plume centre
location that may explain the dyke orientations and the proximity
of India and Western Australia (c.f. French et al., 2008; Srivastava
and Samal, 2018). The 30 million year age gap between the
Bastar-Cuddapah-Boonadgin dykes and the Sonakhan-Cuddapah-
Yalgoo dykes could be associated with renewed magmatic activity
within a mantle plume regime or simply by rift propagation. The
geochemical evidence in favour of a mantle plume origin of the
SDS is limited although the correlation with the Yalgoo dyke does
suggest a much larger event took place. Sheppard et al. (2017)
argue against a mantle plume model to explain the volcanic cyclic-
ity within the Cuddapah Basin precisely due to the prolonged and
periodic nature of magmatism. The magmatic age gap is difficult
to explain as it is relatively rare that peak magmatism associated
with singular mantle plume spans more than ~10 million years, al-
though there are exceptions (Bryan and Ernst, 2008). It is possible
that the gap in magmatism was caused by the movement of thicker
lithosphere over the plume head. In this scenario, the resumption
of magmatism would occur as soon as lithosphere became thinner.
However, the ‘thick plate passage’ model still does not address the
geochemical evidence in favour of shallow mantle melting nor is it
a likely reason for a complete cessation of magmatism over an area
N900,000 km2. Therefore, we think that the most likely explanation
for the magmatic age is prolonged rift propagation.

There are many examples that show rifting, magmatism, and
plate separation occur over a period of tens of millions of years.
For example, the basalt of the Central Atlantic Magmatic Province
erupted ~30 million years before plate separation (Biari et al.,
2017). We suggest that the Sonakhan-Cuddapah-Yalgoo dykes
were emplaced as rifting extended east to northeastward relative
to the plume centre proposed by Liu et al. (2018). The migration
of the rift coupled with tensional plate stress and regional struc-
tural weaknesses in the crust could explain the NNW trend of the
Sonakhan dykes and the east-west trend of the Yalgoo dykes
(Fig. 12). In other words, it is possible that the region was affected
by triple-junction migration (Bird et al., 1999; Tesfaye et al., 2003).
Ultimately the consequence of prolonged rifting was the break-up
of India and Western Australia and the initiation of sea-floor
spreading sometime shortly after 1850 Ma.

7. Conclusions

The NNW trending Sonakhan tholeiitic dykes of the northern
Bastar Craton were emplaced at 1.85 Ga. There are two distinct
groups of dykes based on Mg# and bulk TiO2 contents. Rocks
with high Mg# (N50) can be further subdivided into high
(N52 wt%) and low (b52 wt%) SiO2 groups. The high Mg#, low
SiO2 dykes are likely representative of the most ‘primitive’ and un-
contaminated dykes within the SDS. The high Mg#, high SiO2

dykes likely have the same origin as the high Mg#, low SiO2

dykes but they were variably contaminated by crustal melts dur-
ing emplacement or differentiation. The low Mg# (b50) dyke com-
positions can be explained by fractional crystallization of olivine,
plagioclase and clinopyroxene of a parental magma similar to a
high Mg# and low SiO2 dyke. It is possible that some of the low
Mg# dykes were also contaminated by crustal melts during em-
placement. Trace element ratios (Dy/Dy* b 1.1, Tb/YbN b 1.8),
Sr-Nd isotopes (87Sr/86Srinitial = 0.7045; εNd(t) = 0 ± 1), and
partial melting modeling indicate that the most primitive, uncon-
taminated dykes were derived from a subcontinental lithospheric
mantle source that was lherzolitic and spinel-bearing. The limited
geographic extent of the SDS and the likelihood that they were
generated by partial melting from a shallow mantle source sug-
gest that they were not likely derived from a mantle plume. How-
ever, they were emplaced shortly after the much larger and
radially extensive Bastar-Cuddapah (1.88 Ga) dyke swarm
(BCDS). It is possible that the SDS represents the youngest period
of magmatism associated with the prolonged break-up of a super-
continent that comprised India and Western Australia. The appar-
ent correlation between the SDS and the Yalgoo dykes of the
Yilgarn Craton is additional supportive evidence that India and
Western Australia were geological connected during the Orosirian
Period of the Paleoproterozoic and subsequently drifted apart
sometime after 1.85 Ga.
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